One of the primary causes of discomfort to both irregular and elite cyclists is heat entrapment by a helmet resulting in overheating and excessive sweating of the head. To accurately assess the cooling effectiveness of bicycle helmets, a heated plastic thermal headform has been developed. The construction consists of a 3D-printed headform of low thermal conductivity with an internal layer of high thermal mass that is heated to a constant uniform temperature by an electrical heating element. Testing is conducted in a wind tunnel where the heater power remains constant and the resulting surface temperature distribution is directly measured by 36 K-type thermocouples embedded within the surface of the head in conjunction with a thermal imaging camera. Using this new test system, four bicycle helmets were studied in order to measure their cooling abilities and to identify 'hot spots' where cooling performance is poor.
Introduction
A major cause of discomfort to both professional and recreational cyclists is overheating of the head during high exertion cycling, with one study citing that 20% of adults who do not use a helmet do so due to discomfort created by excessive over heating [1] . All cycling helmets, some to a greater extent than others, have methods of providing cooling to the head through the use of venting holes and channels. These typically draw airflow across the scalp, transporting heat away from the head through forced convection. However, there is no standard design that provides optimum cooling; rather a myriad of helmet designs are available. Additionally, each helmet has to balance the often contradictory goals of safety, effective cooling and low aerodynamic drag, leading to further variations in shape. One method of determining the cooling effectiveness of a particular helmet is with a thorough investigation of its thermal response in a controlled environment.
The efficacy of a helmet's cooling ability is generally measured quantitatively through the use of a heated mannequin headform in a wind tunnel which provides convective cooling. A headform constructed by Brühwiler [2] from a polyester fashion mannequin is split into three independently heated areas, two of which are monitored for investigations. Each area is maintained at a constant temperature measured by resistance wires on the head surface. The subsequent input power required to maintain constant temperature conditions corresponds to the heat losses of the head. This headform produces sweat through pores at a computer-controlled and regulated flow rate. An additional headform, which functions in an analogous manner to the Brühwiler head, has also been developed and tested by Martínez et al. [3] , however this newer headform is constructed from a carbon-fibre/epoxy matrix and is split into nine thermal zones. This allows greater quantification of the local heating efficiency of helmets with a clear distinction in the cooling power differentials between alternate zones. A headform developed by Alam et al. [4] attaches a heater pad and nine thermocouples externally to a fashion mannequin head. The heater mat is heated to 56 °C in still air and the temperature drop is monitored for five minutes when the head is placed in a wind tunnel. A different method is demonstrated by Reid and Wang [5] who used a headform constructed from aluminium filled cast urethane that was heated at a constant power. The cooling effectiveness was directly compared to that of a bare sphere measured simultaneously. The temperature on the headform was recorded with 13 thermocouples and a weighting scheme was used to determine the average temperature of the whole head. A number of commercial helmet manufacturers have also designed their own heated heads but limited information on these is available. Generally they are similar to the previously described headforms, constructed from aluminium, and incorporate varying numbers of thermocouples.
The headform presented in the current article utilizes aspects of the apparatuses discussed above to produce a new headform to measure the cooling efficiency of cycling helmets. The authors present an alternative headform design that can detect and measure detailed thermal gradients of the scalp. This headform is constructed from 3D printed ABS plastic that is heated at a constant power whilst the temperature drop, when placed in a wind tunnel, is monitored using 36 thermocouples embedded in the headform surface.
Mannequin Head Design & Usage

Materials of Constuction
As a cyclist's head is cooled via airflow channeled through vents in their helmet, there can be large variations in the local head temperature depending on the location of these vents. A study by De Bruyne et al. [6] observed spatial differences of up to 5.5 °C between different areas of the head. Hence a focus in the design of this headform was for the ability to adequately replicate and observe the various hot and cold regions that a human head would experience during cycling. These temperature gradients are attenuated via lateral conduction across the scalp. The rate of this heat transfer is the conduction heat flux q″ (Wm −2 ) and is given in Equation 1 where k (Wm −1 K −1 ) is the thermal conductivity of the material and ΔT (K) is the change in temperature. The value for k for various materials used previously to construct heated headforms are presented in Table 1 alongside estimated k for human flesh. As a head has a relatively low thermal conductivity it does not distribute heat evenly over the scalp, rather the local temperature can vary considerably from the average temperature. In order to adequately resolve the temperature distribution across the scalp, a thermal conductivity close to that of a human head was a primary factor in material choice. Acrylonitrile Butadiene Styrene (ABS) has a value for k close to but slightly lower than any natural human material and hence would encourage the creation of local hot spots. This facilitates the design and evaluation of cycling helmets, as the effectiveness of cooling vents can clearly be seen in thermal images or temperature maps. Using a material with a high thermal conductivity, such as aluminium or copper, would result in high heat dissipation with any localized hot spots quickly dissipating over the entire head, obscuring finer cooling details. 
Head Geometry
The external geometry of the headform was obtained from a survey by Zhuang and Bradtmiller [9] that measured head and facial dimensions of 3997 subjects in conjunction to scanning 1013 of the subjects with a 3D scanner. Averaged 3D models of five different heads of standard sizes were created from this data, with the 50th percentile head size being obtained by the authors. This head model was scaled by a minor factor such that it fitted a typical 58 cm medium cycling helmet and this provided the surface for instrument installation. The head was split along the reference plane of a K-type headform [10] , and as such defines the head region typically covered by a cycling helmet. The top half had 36 evenly and symmetrically spaced holes across the surface of the scalp for the placement of thermocouples. The lower half had solid mounting points located near the lower ear lobe and on the inside surfaces of the neck region. This enabled mounting of the headform to a fixed stand at multiple inclination angles. Each half was 3D printed in 4 mm thick ABS plastic.
Headform Design
A cross-sectional diagram depicting the headform construction is given in Figure 1 and a detailing of the design is to follow. A heater mat is cut and moulded so that it sits flush with the innersurface of a mix of epoxy resin and aluminium particles with a uniform thickness of 10 mm. This resin is rich in aluminium and completely fills the area between the surfaces of the heater mat and ABS scalp, providing a high thermal mass to ensure an even heat transfer from the heater mat to the scalp. An aluminium plate underneath the heater conducts heat to the base of the ABS scalp, preventing heat loss down to the un-heated lower head. A thermal insulating layer helps to further contain the heat within the scalp. The void inside the scalp is filled with a polyester packing material to ensure that the aluminium-epoxy mix and heater-mat are firmly pressed against the inside surface of the ABS, thus maximizing the heat transfer to the surface. A K-type thermocouple is placed flush with the surface in each hole in the mannequin, with the wires directed through the internals of the headform and out of the bottom of the neck. 
Errors
The greatest source of error in this headform originates in the thermocouple measurements. The K-Type thermocouples are standard limits of error with an accuracy of ±2.2 °C. However, this error is minimized when calculating the average temperature of the entire head due to the large quantity and wide area of all 36 thermocouples. Additionally, the thermal camera can be used as a second source of temperature data to corroborate the temperature recorded by the thermocouples. It was found the thermal camera consistently calculated approximately a 2 °C lower maximum temperature values than the thermocouples. This is likely due to the short time delay between taking the helmet off and capturing the two thermal images. Thermal testing was repeated for several helmets and the results were repeatable to within ±0.62 °C. Testing was not conducted within an environmental chamber, however the temperature was monitored throughout all testing, where it remained constant at 24.9 °C with a standard deviation (SD) of 0.50 °C.
Results and Discussion
Description of Helmets
Testing of the thermal head was conducted on the bare head (BH) as well as four bicycle helmets. These are a Time Trial helmet (TT), an older-generation road cycling helmet (VR), and two modern aero-road helmets designed for both speed and thermal cooling (AR1 & AR2). For purposes of anonymity the exact details and branding of the helmets have been obscured.
Thermal Testing
Testing of the thermal properties of the helmets was completed in The University of Adelaide's KC Wind Tunnel. This is a low speed open-jet wind tunnel with a 0.5 × 0.5 m test section and maximum speed of 30 m/s. The thermal head mannequin was heated until it achieved a constant average temperature of 38 °C in still air. The heater mat power supply was then constantly maintained at this power output throughout testing. Experimentation was completed with the head angled 30° from the vertical plane and at a velocity of 11 m/s. For each helmet the temperature data from the thermocouples was constantly recorded, with steady state conditions being achieved after 40 min. After 50 min the wind tunnel was turned off and the test section outlet was blocked to prevent further airflow on the mannequin head. The helmet was then removed, and a thermal image of the headform taken from the front and the rear. This final process was performed over a short period of time, as once the tunnel was turned off and the helmet removed, the heat would begin to dissipate in a manner not representative of typical cycling conditions. However, due to the low thermal conductivity of the ABS headform, there was adequate time to capture the thermal images without loss of fine heat spot details.
A top view of the headform was created by projecting the 3D location of each of the thermocouples onto a 2D plane. Delaunay triangulation was then used to interpolate the thermocouple temperature values at these points and produce a distribution map of the head surface temperature. This provides a clear and consistent method of finding the temperature at any point across the head surface. It is also used to correlate the temperature distribution patterns seen in thermal images of the headform. However, this representation has limitations due to the impossibility of replicating a 3D surface on a 2D plane.
Thermal images of the mannequin from the front and rear are displayed in Figure 3 . Of note in these images, as well as the contour plots, are variations of the temperature across the scalp surface where cooling has been effective to different levels. Across all test conditions, there was an average temperature difference of 9.2 °C between thermocouples with a maximum temperature difference of 25 °C between two points of the head in the TT helmet, as shown in Figure 2 . This is a much larger discrepancy than found by De Byrne et al. [6] . One cause of the variation in temperature is due to the frontal thermocouples generally being located below the helmet brim and directly in the airflow, producing much lower temperature values compared to points completely insulated from both the free-stream and alternative cooling flows provided by the helmets. However, this is beneficial for a helmet comparative tool as it provides a clear indication of areas where cooling is effective. The TT helmet was the only helmet that increased in head temperature over the course of the 50 min test. The cooling of this helmet is so ineffective that even with a 40 km/h breeze, the helmet insulated the scalp from any convective cooling, resulting in the head temperatures to increase higher than if it was open and exposed to still air. In contrast, helmet VR provided very efficient heat transfer mechanisms, cooling the headform to lower than BH. Observations of the thermal images for helmets AR1 and AR2 shows distinctive variations in head temperature with much greater cooling properties being located towards the front, rather than the rear of the headform. Also visible in Figure 3 are lines of warm and cool spots which replicate the helmets underside alternating between padding and airflow channels. 
Limitations
This heated headform performs well in measuring the thermal properties of cycling helmets, however there are avenues for improvement. The effects of sweating on the convective heat transfer is not able to be investigated in this design. Additionally, the influence of hair would potentially have a large impact on the thermal cooling abilities of helmets, particularly if the hair did not lie flat on the scalp but rather projected into the vents and channels inside the helmet. For the headform to be used for other purposes, such as for the cooling of cricket or motorcycle helmets, the lower face and head would require heating and instrumentation to resolve the temperature gradients in the respective regions. This is not an issue in cycling as the only area covered by a helmet is the top of the head which is monitored by this headform. The headform in the current study has not been validated with human studies and as of yet cannot be used as a direct representation of the heat experienced by a live cyclist. However, it performs well as a helmet cooling comparison tool for design and evaluation of general purpose and advanced cycling helmet designs.
Conclusions
A heated headform for investigating the cooling effectiveness of cycling helmets has been constructed and tested on four elite helmets. This headform is constructed from an ABS that exhibits a similar thermal conductivity to human skin, therefore allowing local hot and cold spots to be observed. Testing is completed by heating the headform at a constant power and mapping the temperature across the scalp with 36 thermocouples embedded within its outer surface. This headform provides a clear visual and analytical indication of the local cooling effectiveness of different sized and located vents through recording the localized heat distributions.
